The foliar chemistry of sugar maple (Acer saccharum Marsh.), American beech (Fagus grandifolia Ehrh.), and red spruce (Picea rubens Sarg.) was studied from 1993 to 2003 at the Bear Brook Watershed in Maine (BBWM). The BBWM is a paired-watershed forest ecosystem study, with one watershed treated bimonthly since 1989 with ammonium sulfate ((NH 4 ) 2 SO 4 ) at a rate of 25.2 kg N·ha -1 ·year -1 . Foliar N concentrations were higher in all tree species within the treated watershed compared with trees within the reference watershed. Foliar Ca and Mg concentrations were lower in American beech and red spruce within the treated watershed. There were no significant differences in foliar K concentrations between watersheds. Foliar P and Mn concentration differences between watersheds were inconsistent among years. Differences in foliar N concentrations between watersheds declined over time in sugar maple but not in red spruce or American beech. Differences in foliar Ca and Mg concentrations between the treated and reference watersheds increased over time for American beech and red spruce, primarily because of a consistent decline in concentrations of these nutrients in trees within the treated watershed. No temporal trends in foliar Ca and Mg concentration differences between watersheds were observed for sugar maple. Il n'y avait pas de différence significative entre les bassins dans la concentration foliaire de K. Dans le cas de la concentration foliaire de P et Mn, la différence entre les bassins n'était pas consistante d'une année à l'autre. La diffé-rence dans la concentration foliaire de N entre les bassins a diminué avec le temps chez l'érable à sucre mais pas chez l'épinette rouge ni le hêtre à grandes feuilles. La différence dans la concentration foliaire de Ca et Mg entre les bassins traité et témoin a augmenté avec le temps chez le hêtre à grandes feuilles et l'épinette rouge, surtout à cause d'une diminution constante de la concentration de ces nutriments dans les arbres du bassin traité. Dans le cas de l'érable à sucre, aucune tendance dans le temps n'a été observée dans la différence de concentration de Ca et Mg entre les bassins.
Introduction
Elevated deposition of atmospheric nitrogen (N) increases soil N availability, which may in turn result in increased plant N uptake in N-limited ecosystems (Aber et al. 1989; Driscoll et al. 2001) . Foliar N concentrations, for example, have been shown to increase as a result of both enhanced atmospheric N deposition and N fertilization (Magill et al. 1997; Bertills and Nasholm 2000) . Given the reported positive relationship between foliar N concentrations and CO 2 uptake (Evans 1989; Lambers et al. 1998) , increased soil N availability could increase forest growth, resulting in greater C storage in biomass (Lloyd 1999 ) and greater inputs of C to the soil via detritus and root exudates (Hagedorn et al. 2003) . Alternatively, elevated N deposition has also been shown to accelerate the leaching of soil base cations, leading to imbalances of foliar nutrients and ultimately to forest decline (Oren et al. 1993) .
A decline in the availability of nutrients such as calcium (Ca) and magnesium (Mg) and a concurrent increase in N availability and acidity in forest soils have been attributed to prolonged N deposition in some areas in the northeastern United States and central Europe (Graveland et al. 1994; Johnson et al. 1994; Driscoll et al. 2001) . As N accumulates in the soil, ecosystem N retention capacity can be surpassed, resulting in increased NO 3 -leaching and concomitant base cation leaching (Norton el al. 1999) . Nasholm et al. (2000) discussed how forest trees growing under high N deposition could be exposed to two forms of excess N: an absolute excess of N, when there is more N available than the tree is able to use at its maximum growth rate; or a relative N excess, when there is a deficiency of other nutrients that limit growth, resulting in a surplus of N over time.
Foliar nutrient imbalances have been reported in trees growing in controlled N-fertilization experiments over areas with different N deposition rates and along N deposition gradients (Friedland et al. 1991; McNulty et al. 1996; Magill et al. 1997; Boxman et al. 1998 ). However, long-term foliar nutrient concentration data are not usually available because of a lack of long-term N studies and systematic measurements.
Our study focused on temporal changes in the foliar nutrient concentrations of three tree species, sugar maple (Acer saccharum Marsh.), American beech (Fagus grandifolia Ehrh.), and red spruce (Picea rubens Sarg.), at the Bear Brook Watershed in Maine (BBWM). The BBWM is a paired-watershed study in which one watershed has been treated with bimonthly additions of ammonium sulfate ((NH 4 ) 2 SO 4 ) from 1989 through 2003. Previous wholeecosystem mass balance and soil chemical studies at the BBWM have indicated that although 80% of the added N has been retained , the watershed is evolving through the stages of N saturation (sensu Aber et al. 1989 Aber et al. , 1998 , as characterized by increased rates of net N mineralization and net nitrification (Jefts et al. 2004) , increased export of N in surface waters Fernandez et al. 2003; Szillery 2003) , and an initial increase followed by a subsequent reduction in exports of Ca, potassium (K), and Mg in surface waters, reflecting an initial mobilization followed by depletion of these elements in the soil exchange complex Fernandez et al. 2003) . We therefore hypothesized that this decadal-scale N addition would also induce changes in foliar chemistry, including increases in foliar N concentrations and decreases in foliar base cation concentrations. Our objective was to test this hypothesis using foliar nutrient concentration data collected over 11 years.
Materials and methods

Study site
The BBWM is located in eastern Maine (44°52′15′′N, 68°06′25′′W) on the southwest slope of Lead Mountain and is formed by two contiguous small, forested watersheds, West Bear (WB, 11.42 ha) and East Bear (EB, 10.77 ha). The BBWM was established in 1985 as a major component of the Watershed Manipulation Project, part of the National Acid Precipitation Assessment Program designed by the US Environmental Protection Agency (Church 1999) . The objective of the BBWM project was to study the effects of increasing N and sulfur (S) deposition on whole watersheds (Church 1999) . During a calibration period between 1986 and 1989, it was determined that the hydrology, water chemistry, soils, vegetation, topography, relief, aspect, and exposure of the two watersheds were similar (Uddameri et al. 1995; Kahl et al. 1999; Norton et al. 1999) . Five dominant and codominant species (American beech, sugar maple, red spruce, red maple (Acer rubrum L.), and yellow birch (Betula alleghaniensis Britt.)) distributed in three cover types (hardwood, softwood, and mixedwood) comprised about 98% of all trees in each watershed (Eckhoff 2000; Elvir 2001 ).
Wet plus dry deposition at BBWM was estimated at 8.4 kg N·ha -1 ·year -1 and 14.4 kg S·ha -1 ·year -1 Wang and Fernandez 1999 , while the EB watershed served as an untreated reference. Additional information on the BBWM and effects of the chemical treatment on water and soil chemistry and forest growth is available elsewhere Church 1999; Chen and Beschta 1999; Norton et al. , 2004 Elvir et al. 2003) .
Foliar sampling and analysis
The three most dominant tree species at the BBWM (American beech, sugar maple, and red spruce) were sampled for foliar chemical analysis in independent studies in 1993 (White et al. 1999 (White et al. ), 1998 (White et al. -2000 (White et al. , and 2002 (White et al. -2003 . Time of sample collection during the growing season varied somewhat between studies. White et al. (1999) collected samples during the first week of September 1993 for hardwood species and in mid-October for red spruce. The 1998-2000 collections for both hardwood and softwood species were made during the first 2 weeks of August. In 2002-2003, samples were collected during the last week of July and first week of August for sugar maple, in midAugust for American beech, and during the first week of September for red spruce.
Foliar samples were collected following similar procedures in all years. Dominant or codominant healthy trees of each species were randomly selected in each watershed. Individual trees sampled were different for each of the three studied periods. In 1993, sampling included 36 American beech, 31 sugar maple, and 21 red spruce from the treated WB watershed and 23 American beech, 11 sugar maple, and 29 red spruce on the reference EB watershed (White et al. 1999 ). In 1998-2000, foliar samples from 20 trees of each species in each watershed were collected, while for 2002 and 2003 foliar samples from 9 trees of each species in each watershed were collected. For all three data sets, foliar samples were collected from the south side of the upper crown of selected trees.
Samples were stored in paper bags, and sample handling in the field and laboratory was done using powder-free latex gloves. Foliar samples were not washed after collection and were oven dried to a constant mass at 70°C. Dried samples were ground in a Wiley mill (40 mesh). Chemical analyses were performed by the Analytical Laboratory of the Maine Agricultural and Forest Experiment Station at The University of Maine for 1993 Maine for , 2002 Maine for , and 2003 and by the USDA Forest Service chemistry laboratory at the Northeastern Research Station for the 1998-2000 period. In all studies, total N was determined by combustion analysis or the Dumas method. For -2000 For , and 2002 , Ca, Mg, K, phosphorus (P), and manganese (Mn) were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) after samples had been dry ashed at 550°C for 5 h in a muffle furnace and digested in 50% HCl (Kalra and Maynard 1991) . In 2003, nutrients were analyzed by ICP-AES following nitric acid (HNO 3 ) microwave digestion. For quality control, field and laboratory split samples were included with the foliar samples, as were samples of standard reference materials from the National Institute of Standards and Testing. The ICP-AES was set to run analyses within a ±10% control error for concentrations of the certified reference materials.
Statistical analysis
Mean concentrations as well as N:Ca and N:Mg ratios were calculated. All nutrient concentration data were subjected to analyses of variance in a 2 × 3 factorial using a combination of fertilization (no addition and (NH 4 ) 2 SO 4 addition) and species (American beech, sugar maple, and red spruce) with repeated measures (1998) (1999) (2000) (2002) (2003) using SAS ® software (SAS Institute Inc. 1999), except for 1993, where results of statistical analysis were already published (White et al. 1999) . Main or interactive effects of treatments and time were considered significant at α = 0.05. Correlations between foliar nutrient concentration differences (treated minus reference) and time (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) were evaluated using two-tailed Pearson correlation tests.
Results and discussion
The effects of a treatment are typically studied either by comparing data before and after treatment or by applying the same treatment to treatment units in different replicates. As pretreatment foliar chemistry data are not available for BBWM and there are no replications of other watersheds with identical treatment histories available, our discussion is based on the assumption that foliar chemistry of selected trees in both watersheds was similar before the treatment. As described earlier, the BBWM watersheds were calibrated over a 3-year pretreatment period, and water chemistry and other factors were found to be similar. Norton et al. (1999 Norton et al. ( , 2004 showed that the treatment clearly affected water chemistry, with an increase in base cation and NO 3 --export in stream water in WB compared to pretreatment levels. They also showed that, as N accumulated in the system and the soil became depleted of base cations, export of N increased while export of base cations declined. The effects of the treatment on water chemistry, soil chemistry, and ecosystem N retention compared to pretreatment levels Norton et al. 1999 Norton et al. , 2004 Jefts et al. 2004) support our assumption that changes in foliar chemistry in trees within the treated WB watershed likely result from the fertilizer treatment.
Nitrogen
Foliar N concentrations were usually significantly greater in trees within the treated WB watershed compared to those in trees within the reference EB watershed for all tree species in all years (Fig. 1) . Exceptions were red spruce in 1998, 1999, and 2000, where no significant differences between watersheds were observed. The factorial analysis showed that American beech had significantly higher foliar N concentrations than the other two species, and sugar maple had significantly higher foliar N concentrations than red spruce. These results are consistent with studies showing that hardwoods generally have higher foliar N concentrations than conifers (Magill et al. 1997; Persson et al. 2000; Scarascia-Mugnozza et al. 2000) .
Although differences between watersheds were always significant, the magnitude of the differences in foliar N concentration between the treated and reference watersheds declined over time for sugar maple (Fig. 1) , and this difference was negatively correlated with time (Table 1) . This reduction over time in foliar N concentration differences between watersheds was a result of a decline in foliar N concentrations in trees within the treated WB watershed and an increase in foliar N concentrations in trees within the reference EB watershed.
Differences in foliar N concentrations between treated and reference watersheds for American beech showed no temporal trends (Table 1 ), indicating that the differences observed in 1993 have been maintained (Fig. 1) ), after which foliar N concentrations either remained stable or showed a slight decline. They also reported that foliar N concentrations in red pine (Pinus resinosa Ait.) consistently increased during the first 9 years under the same treatment.
Studies in central Europe also reported increased foliar N concentrations between 1960 and 1980 in coniferous species under conditions of elevated N deposition (Nohrstedt et al. 1993; Huttl and Schaaf 1995) . Recent studies, however, have failed to find further temporal changes in foliar N concentrations between the late 1980s and early 1990s in the same forest (Thelin et al. 1998) . In a Swedish forest treated with 100 kg N·ha -1 ·year -1 , foliar N concentrations of Norway spruce (Picea abies (L.) Karst) increased after the first 3 years of treatment, and differences between treated and reference trees were constant after 5 years (RosengrenBrinck and Nihlgård 1995). Taken collectively, these studies suggest that foliar N concentrations of trees under chronic N deposition reach a maximum in a relatively short time, after which concentrations are maintained or decline slightly. Stable N concentrations may indicate a maximum physiological limit to foliar N concentration for a particular species under enhanced N deposition. Stable or declining foliar N concen-trations may be attributed to a reduction in the ability for fine roots to take up the added N as a result of a decrease in fine-root biomass, a decrease in mychorrhizal associations, or a decrease in the physiological capacity for roots to absorb the added N. For example, Jones et al. (1994) and Quist et al. (1999) both reported that the instantaneous N uptake rates of tree roots declined if roots were exposed to solutions with increased N concentrations. They suggested that an increase in N concentration in soil solution could induce a decline in the ability of roots to absorb N. Therefore, trees subjected to higher soil N availability might show an initial increase in foliar N concentration followed by stable or declining levels thereafter, which is consistent with our results.
Calcium, magnesium, and potassium
Foliar concentrations of Ca in 2000 , 2002 and Mg in 1998 , 2000 , 2002 for American beech were significantly lower in trees within the treated WB watershed (Figs. 2 and 3 Results indicated that foliar Ca and Mg concentrations of America beech and red spruce trees within the treated WB watershed have further declined in recent years compared to Ca and Mg levels in trees within the reference EB watershed (Figs. 2 and 3) . This trend was supported by a significant, positive correlation between foliar Ca or Mg differences (treated minus reference) and time (Table 1) . Similarly, N:Ca and N:Mg ratios for American beech and red spruce showed differences between watersheds, with trees within the treated WB watershed showing higher ratios than trees within the reference EB watershed (Table 2) .
Foliar Ca and Mg concentrations of sugar maple in both treated and reference watersheds (Figs. 2 and 3 ) declined in 2002 and 2003 to concentrations considered below threshold levels for optimum growth of this species (Burns 1999; Horsley et al. 2000) . For example, literature reviews on foliar nutrient values of healthy sugar maple trees found that K ranged from 5500 to 10 400 mg·kg -1 , Ca from 5000 to 21 900 mg·kg -1 , and Mg from 1100 to 4000 mg·kg -1 (Kolb and McCormick 1993) . The decline in foliar Ca and Mg concentrations in sugar maple from both watersheds in 2002 and 2003 at the BBWM might be the result of the earlier collection of foliar samples in these years. At this time (last week of July and first week of august), the variability in nutrient composition and leaf mass might have affected the measurements in both watersheds. Differences in foliar Ca and Mg concentrations for sugar maple between treated and reference watersheds were significant only in 1993, with differences becoming similar in later years.
Reduced foliar Ca and Mg concentrations and increased N:Ca and N:Mg ratios in American beech and red spruce from the treated WB watershed are consistent with reports of significant reductions in soil-exchangeable base cation pools in the treated WB watershed . The (NH 4 ) 2 SO 4 treatment at WB has increased base cation mobilization in soils as a result of increased soil acidification and has enhanced leaching of soil NO 3 -and SO 4 -2 . Base cation export in stream water increased in the treated WB watershed following the first year of treatment . Escalating base cation export persisted in WB for approximately 6 years, followed by a decline in stream base cation export in later years (Norton et al. 2004 ). The in- creased rate of depletion of exchangeable base cations in soils made these nutrients less available for plant uptake, which is consistent with the sustained increase in differences in foliar Ca and Mg concentrations of American beech and red spruce trees between the treated and reference watershed observed in this study. The significantly higher N:Ca ratio for 1993 and N:Mg ratios for 1993, 1998, 2002, and 2003 in sugar maple trees within the treated WB watershed (Table 2) were primarily the result of the significantly higher N concentrations of trees from the treated WB watershed in comparison with trees from the reference EB watershed. The nonsignificant differences in foliar Ca and Mg concentrations between watersheds in sugar maple suggest that trees within the treated WB watershed may not have experienced greater shortages in Ca and Mg supply than those experienced by trees within the reference EB watershed.
No significant differences between watersheds in foliar K concentration were observed for any species with the exception of K in 1993 and 1999, which was found to be significantly lower in American beech and red spruce trees from the treated WB watershed (Fig. 4) . Similarly, no temporal trends between differences (treated minus reference) and time were observed (Table 1) . Fernandez et al. (2003) reported a similar lack of notable differences between treated and reference watershed on soil K. The nonsignificant differences between treated and reference watersheds on soil and foliar K concentrations suggest a tight biogeochemical cycle of K at the ecosystem level, where available soil K is quickly taken up and recycled by the vegetation.
Phosphorus and manganese
Red spruce showed no significant differences between watersheds in foliar P and Mn concentrations except in 1998 when P and in 2003 when Mn were significantly lower in red spruce samples from the treated WB watershed (Figs. 5 and 6). American beech from the treated WB watershed showed significantly higher P concentrations in 1998 and 1999 but significantly lower foliar P concentrations in 2002 and 2003. American beech trees within the treated WB watershed showed significantly higher foliar Mn concentrations in 1993 Mn concentrations in , 1998 Mn concentrations in , 1999 Mn concentrations in , and 2000 . Sugar maple from the treated WB watershed showed significantly higher foliar P concentrations in 1993, 1998, and 2000 and significantly higher foliar Mn concentrations in 1998 . No significant temporal trends in differences between watersheds for foliar P and Mn were observed for any species (Table 1) . Foliar P and Mn data provided no evidence of differences between watersheds on soil P and soil Mn availability for plant uptake. Effects of N inputs on foliar P and Mn concentrations have not been documented in similar long-term experimental sites involving chronic applications of N in Europe (Nilsson and Wiklund 1994) and the northeastern United States (Magill et al. 1997 (Magill et al. , 2000 . At the BBWM, no significant differences between treated and reference watersheds on soil Mn concentrations have been reported , and Mn exports in stream water have not been documented.
Stream water chemistry studies at the BBWM have shown that total P exports in the treated WB have increased up to four times higher than in the reference EB watershed during high-discharge events (Roy et al. 1999; Norton et al. 2004 ). Roy et al. (1999) indicated that the induced acidification of the treated WB resulted in increased transport of P from soil to the stream, leading to greater P export from the treated WB, compared to the reference EB. However, no differences between watersheds on soil P concentrations were reported , and in this study differences between watersheds on foliar P and Mn concentrations were not consistent.
Conclusion
Foliar chemistry from 1993 to 2003 at the BBWM suggests that the treated WB watershed might be in later stages of N saturation, where the supply of N exceeds the N demand of plants and microorganisms in the ecosystem (Aber et al. 1989) . Foliar N concentrations increased during the early stages of the treatment, but either remained stable (American beech and red spruce) or declined (sugar maple) from 1993 through 2003. The continued depletion of base cations in WB compared to those in EB resulted in greater differences between watersheds in foliar Ca and Mg concentrations for American beech and red spruce, but not for sugar maple. If this reduction persists it would ultimately result in reduced growth because of nutrient imbalances in American beech and red spruce. 
